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Richard J. Quann
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Determining the complete molecular composition of petroleum and its refined products is not
feasible with current analytical techniques because of the astronomical number of molecular
components. Modeling the composition and behavior of such complex mixtures in refinery
processes has accordingly evolved along a simplifying concept called lumping. Lumping reduces
the complexity of the problem to a manageable form by grouping the entire set of molecular
components into a handful of lumps. This traditional approach does not have a molecular basis
and therefore excludes important aspects of process chemistry and molecular property
fundamentals from the model's formulation. A new approach called structure-oriented lumping
has been developed to model the composition and chemistry of complex mixtures at a molecular
level. The central concept is to represent an individual molecule or a set of closely related isomers
as a mathematical construct of certain specific and repeating structural groups. A complex
mixture such as petroleum can then be represented as thousands of distinct molecular
components, each having a mathematical identity. This enables the automated construction of
large complex reaction networks with tens of thousands of specific reactions for simulating the
chemistry of complex mixtures. Further, the method provides a convenient framework for
incorporating molecular physical property correlations, existing group contribution methods,
molecular thermodynamic properties, and the structure-activity relationships of chemical kinetics
in the development of models. Environ Health Perspect 106(Suppl 6):1441-1448 (1998).
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Many chemical reaction systems found in
industry and nature are complex in terms
of the large number of molecular compo-
nents and chemical reactions. Examples
include petroleum refining, biologic sys-
tems, and combustion processes. The num-
ber of components can exceed 104 and the
number of chemical reactions can be an
order of magnitude greater. Developing
models ofsuch large reacting systems is dif-
ficult because of the scale and the lack of
fundamental information. Analytical tech-
niques cannot identify and measure all the
individual molecular components when so
many are present a mixture. It is also
impractical to study the mechanisms and
kinetics of all possible chemical reactions.
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Further, how could this information be
managed, organized, and formulated into a
model simulating the reactions ofso many
components? Accordingly, models devel-
oped for complex reacting systems have
used a technique called lumping (1,2) to
simplify the representation of composition
and chemistry.
Lumping partitions the entire molecular
population into a small number of lumps
(approximately 10) determined by the lim-
itations in measuring mixture composition,
the similar chemistry and physical proper-
ties of molecular components within a
lump, and the model's intended purpose.
This approach reduces complexity and
eliminates the need for a detailed molecular
characterization, albeit at the expense of its
usefulness. Using petroleum refining as an
example, the model shown in Figure 1 was
developed in the 1970s to predict gasoline
yield for the fluid catalytic cracking process
that converts heavy gas oil containing high-
molecular-weight hydrocarbons to the lower
molecular weight components of gasoline.
It represents the complex composition of
gas oil as eight lumps based on the crude
analytical capabilities of that time-broad
molecular categories and boiling range.
Although this model can predict gasoline
yield from these lumps, it is not structured
to predict gasoline composition or the
impact ofcomposition on the required qual-
ity specifications. In addition, the gasoline
yield is not reliably predicted because the
lumping scheme cannot represent other
important variations in gas oil composi-
tion and because the process chemistry is
inadequately represented.
Models developed for refining processes
must have the capability ofpredicting not
just accurate product yields but also the
product's molecular composition, the
boiling point distribution, certain mixture
physical properties and quality specifica-
tions that depend on composition, and
the plant's operating conditions. A molecu-
lar approach, ifpossible, could satisfy these
requirements by incorporating more
detailed petroleum characterization, process
chemistry, and molecular property corre-
lations. Recently developed analytical
methods are capable of probing some
aspects ofpetroleum's molecular structure
and composition, and there is an exten-
sive, but not complete, knowledge base of
the chemistry of refining processes from
laboratory studies of selected hydrocar-
bons. A recently developed approach
called structure-oriented lumping (SOL)
attempts to model the complex compo-
sition and chemistry of petroleum mix-
tures at the molecular level (3). This
paper reviews the concepts of SOL and
the strategy for developing molecular-
based models of reaction systems where
the number of molecular components is
very large and their molecular structure
cannot be completely determined.
Organizing the
Composition of Petroleum
The basic concept of the SOL approach is
that any hydrocarbon molecule can be
constructed from a set of different struc-
tural features or increments. A structural
increment is a specific combination or con-
figuration of C, H, S, N, and 0 atoms,
often occurring in different molecules. The
set of 22 increments is shown in Figure 2.
The increments consist of three types of
aromatic rings (A6, A4, A2), six types of
naphthenic rings (N6-NI), a methylene
-CH2- group (R), bridging between rings
(A-A), hydrogen deficiency (H), hetero-
atom structures containing S, N, and 0,
and the degree of branching (br) and ring
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Figure 1. Modeling the fluid catalytic cracking process using a simplified representation of petroleum's complex
composition.
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Figure 2. Structural increments and their stoichiometry for constructing molecules. Modified from Quann and
Jaffe(3).
substitutions (me). Each increment has a
specific C, H, S, N, and 0 stoichiometry
and thus molecular weight. The term
increment is applicable because most can-
not exist independently but must occur as
an incremental part ofa molecule.
The SOL method mathematically
organizes this set of increments into a
vector, with each element ofthe vector cor-
responding to one of the increments. A
molecule is represented as a 22-element
numerical vector, with each molecule
distinguished by different numbers and
types ofincrements, as shown in Figure 3.
For example, a vector with a one in the
first element or position (A6) and zero for
all others represents a benzene molecule.
Naphthalene is constructed with A6 and
A4 increments, having one for the first two
elements ofthe vector and zero for all oth-
ers. Other examples are shown in Figure 3.
Molecular elemental stoichiometry and
molecular weight are easily computed from
the contributions of the increment's
elemental stoichiometry.
Any molecule found in petroleum can
be represented by this method, altough not
necessarily uniquely. Many molecules may
have identical vector representation. The
increments count structures present in the
molecule. Increment spatial orientation is
not represented by the structure vector.
Molecules having the same structure vec-
tor but whose increments are arranged dif-
ferently are called structural isomers.
Examples of structural isomer sets that
have identical vector representations but
with clearly different spatial arrangement
of the increments are shown in Figure 4.
The br and me increments do not con-
tribute to the molecule's stoichiometry but
are used for a limited description of cer-
tain isomeric features: the number of
branches on a paraffin or alkyl chain and
the number of methyl substituents on
rings, respectively. Again, the method as
shown here does not assign specific loca-
tions for these branches or ring substitu-
tions, only the total number for the
molecule. For example, there are only 21
possible structure vector representations
for all possible C43 paraffins, yet there are
over a thousand-billion isomeric permuta-
tions. Not distinguishing structural iso-
mers is a practical consequence of
analytical limitations, but it also has other
implications, as we will discuss.
Acomplex mixture in SOL is represented
as a set ofvectors with each vector corre-
sponding to a molecule or an ensemble of
structural isomers. The composition ofthe
mixture is expressed as the weight or mole
percent ofeach vector. It is helpful to visual-
ize the mixture using the concepts ofmolec-
ular class and homologous series. Some
common molecular classes found in petro-
leum or refinery products are shown (with-
out alkyl substituents) in Figure 5. They are
all described by the SOL method and have
different combinations ofstructural incre-
ments. A homologous series is composed of
molecules from the same molecular class,
varyingonly in R, br, and me because ofthe
presence ofalkyl substituents. The number
for R is the total number ofcarbons for a
paraffin or olefin or on the alkyl substituents
ofa ring compound. The simplest example
ofa homologous series in petroleum is the
normal paraffins (br= me =0) extending
from methane (R= 1) to over 60 carbon
atoms. Other homologous series are more
complicated in that br and me may vary
with R to represent some average branch-
ing and substitution for the set of isomers
at each carbon number ofeach molecular
class. A complex petroleum mixture in
SOL is thus composed of some 5000 to
10,000 vectors-one for each molecule or
isomer ensemble-and organized into
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Increment Stoichiometry
C: 6 4 2 6 5 4 3 2 1 1 0 0 0 0 -1 0 -1 -1 0 -1 0 0
H: 6 2 0 12 10 6 4 2 0 2 0 0 2 -2 -2 0 -1 -1 1 -2 0 -2
S: 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0
N: 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 0
0: 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1
C - carbon, H - hydrogen, S - sulfur, N - nitrogen, 0 - oxygen
Structural Assembly:
A6 N4
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Figure 3. Examples ofthe structure-oriented lumping vector representation of molecular structure. Modified from Quann and Jaffe (3).
Figure 4. Examples of isomers having the same structure-oriented lumping vectorrepresentation.
about 1 50 molecular classes and their including isomers, of the low-boiling
homologous series. (< 450°K), gasoline-range material in
Describing molecular structure at this petroleum or products. However, the
level is consistent with our ability to analyze numerous possible increment spatial orien-
petroleum. Modern gas chromatography tations result in far too many components
techniques routinely identify and quantify (isomers) for analytical techniques to
most ofthe several hundred components, identify in specific molecular structures that
boil above 450K. The only measurement
is the number ofmolecules contributing to
a molecular mass. By combining chro-
matographic separations with mass spec-
trometry (4), the most likely molecular
class and the total carbon number (R) of
alkyl groups are inferred at each molecular
mass, providing the homologous series
distribution ofeach molecular class.
The structure of the alkyl groups and
all their possible permutations cannot be
determined at each mass, with the possible
exception of n-alkyls. An average or arche-
type structural arrangement of alkyl
groups can be inferred from nuclear mag-
netic resonance measurements ofthe mix-
ture but this does not necessarily imply a
common arrangement. Similarly, the spa-
tial arrangement of ring structures can
have many permutations. The biologic ori-
gin ofpetroleum would suggest that the
cata configuration found in terpenes and
steroids is the likely isomeric form of the
multiring structure (5). Hence, the SOL
description ofmolecular structure is consis-
tent with the limitations ofcurrent analyti-
cal methods. The SOL approach assigns a
molecular structure to the large number
(approximately 5000) ofdistinguishable
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Figure 5. Common molecular classes found in petroleum.
masses or isomer sets in petroleum, lumping
only the isomers at the same carbon number
in the same molecular class. Additional
descriptors in the SOL method could, of
course, be incorporated to locate and size
alkyl substitutions and branching on non-
cyclic molecules should more detailed ana-
lytical information become available. If
spatial orientation is crucial to the modeling
of chemical processes, as in biochemical
systems, more sophisticated methods of
moleculardescriptions could be devised.
Describing the Chemistry
of Refinery Processes
Why describe molecules mathematically
with structural increments and why these
particular increments? Although the SOL
method provides a basis for organizing the
molecular components of petroleum, its
main purpose is to provide a convenient
framework for developing a mathematical,
or algorithmic, description of complex
process chemistry. A characteristic feature
of the catalytic and thermal chemistry of
refining processes is that certain specific
molecular rearrangements occur repeatedly
on many different types of molecules.
These particular increments correspond to
those structural entities that are rearranged
during reactions.
Using a limited set ofstructural groups
to describe thousands of components
enables the use of a limited set of reaction
rules to establish the complex reaction
networks involving tens of thousands of
reactions. Each reaction rule consists of a
reactant selection rule and a product gener-
ation rule. The reactant selection rule first
identifies which molecules in the system can
undergo a certain structural rearrangement
that characterizes a particular type of
chemical reaction. Logical constructs are
applied to the vectors to determine which
components have the increment(s)
required for the reaction. The product gen-
eration rule is used to convert each reac-
tant's vector to a corresponding product
vector. Examples ofreaction rules for aro-
matic ring saturation, ring opening, and
dealkylation are given in Figure 6. For
example, the aromatic saturation rule
shown in Figure 6 determines if a molecule
has the A4 ring required for the reaction,
then converts this ring to an N4 naph-
thenic ring through a simple mathematical
operation. The reactant vector's A4 ele-
ment is decreased by one and the N4 ele-
ment is increased by one to create the
product vector. Molecules without an A4
Environmental Health Perspectives * Vol 106, Supplement 6 * December 1998
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Aromatic saturation A6 A4 A2 N6 N5 N4 N3 N2 Ni R br me H A_A S RS AN NN RN 0 RO 0=
1 i 0 0 0 9 1 2 O O O 0 O O O O O O
1 L O O O 0 9 1 2 0 0 0 0 0 0 0 0 0 0
2H2o
Reactant selection rule: A4 1
Product generation rule: A4*- A4 - 1
N4-N4+ 1
Naphthenic ring opening A6 A4 A2 N6 N5 N4 N3 N2 Ni R br me H A_A S RS AN NN RN 0 RO 0=
, 1 1 0 0 0 0 0 0 9 1 2 0 0 0 0 0 0 0 0
H2 1 1 0 0 0 0 0 |13 2 2 2 O O 0 0 O0
Reactantselection rule: N4 2'1
Product generation rule: N4*- N4 - 1
R*- R + 4
br- br + 1
Dealkylation A6 A4 A2 N6 N5 N4 N3 N2 Ni R br me H A_A S RS AN NN RN 0 RO 0=
an* d 1 1 0 0 0 0 0 0 0 13 2 2 0 0 0 0 0 0 0 0 0 0
H2 1 1 0 0 0 0 0 0 0 3 0 2 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 10 2 0 1 0 0 0 0 0 0 0 00
Reactantselection rule: (A6 2 1) A (R >3)
Product generation rule:
First product: R*- 1 + rings
Second product: R4- R - 1 + rings
Figure 6. Formulating chemical reaction rules using the structure-oriented lumping representation for molecular structure. Modified from Quann and Jaffe(3).
ring are not selected for this reaction.
Although hydrogen is also a reactant in this
and many other reactions, it is not neces-
sary to explicitly include it in the formula-
tion of the rule. Information on the
hydrogen stoichiometry is automatically
obtained from the difference in the H con-
tent ofreactant and product molecules and
readily computed from the H content of
the increments.
Some reaction rules, particularly those
involving transformations ofalkyl groups
such as dealkylation or cracking, are obvi-
ously dependent on what is assumed for
structure ofthe alkyl groups. Only experi-
mentation with petroleum mixtures can
reveal how these rules should be formu-
lated, as it must apply to isomers having a
variety ofsubstituent structures.
Applying a reaction rule to all molecules
(or vectors) in the mixture generates a
reaction class for the specific chemical
transformation represented by the rule. A
reaction class may have thousands of reac-
tants and their corresponding products.
Each reactant has the necessary increment
for the rule. Figure 7 illustrates how reaction
rules generate numerous reactant-product
pairs (only a limited number are shown) for
amixture for two reaction dasses.
Additional complexity arises from the
fact that a molecule may satisfy the reac-
tant selection criteria of more than one
rule, i.e. a reactant may have parallel reac-
tion pathways leading to different prod-
ucts. For example, the partially saturated
multiring aromatic molecule in Figure 6
may undergo further saturation, ring
opening, dealkylation, or even cracking of
the alkyl group. Application ofall rules to
all vectors generates the entire complex
reaction network. Application of several
rules in Figure 8 to just one component
and several of its offspring illustrates the
generation of only a small piece of the
complex network. Catalytic refining
processes have 20 to 40 reaction classes or
rules, resulting in over 50,000 distinct
chemical transformations for the model of
the process chemistry. Computer pro-
grams usingsortingprocedures automatically
use the network to construct a reactor
model's differential rate equations for
each component.
Modeling the Kinetics of
Complex Reaction Systems
Constructing complex reaction networks
for thousands of components and their
tens of thousands of reactions creates
another challenge. Each reaction requires
kinetic parameters, including rate con-
stants, activation energies and adsorption
constants on catalytic sites, and chemical
thermodynamic properties. Obviously, it is
not feasible to conduct experimental
studies of 50,000 isolated reactions. The
SOL concept of reaction classes and the
concept ofstructure-activity relationships
provide a basis for determining the large
number ofkinetic parameters.
The first approximation for estimating
reaction rate parameters is to assume that
all reactions in a class have the same kinetic
parameters because they undergo the same
intramolecular transformation. The number
of parameters required for the entire
networkofreactions is reduced from 50,000
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Figure 7. Application of reaction rules to complex mixtures containing many components. (A) A4 ring saturation:
reactant selection rule A4>0; product generation rule A4=A4-1, N4=N4+1. (B) N4 ring cracking: reactant
selection rule N4>0; product generation rule N4=N4-1, R=R+4.
to 20 to 40 unique rate constants and
activation energies. This generally proves
insufficient-within each reaction class the
molecular structure ofthe reactant or prod-
uct can influence the rate of reaction.
Therefore, structure-activity relationships
are required for each reaction class.
The structure-activity relationship in
kinetics is not a new concept. It began
with Hammet (6), who organized families
of reactions to study the influence of
substituents on the rates of homogeneous
reactions. The basic premise of the
structure-activity relationship is that the
rate constants for a family of molecules
undergoing the same reaction can be
correlated to a measurable or calculable
molecular property. One form of this
relationship is:
lnki = a+ b (Rhi)
where ki is the rate constant for molecule
i, a and b are constants to be determined
experimentally, and RIi is defined as the
reactivity index for molecule i. This equa-
tion can be derived from transition-state
theory and is also known as a linear free-
energy relationship (LFER). The RIi is the
calculable molecular property that cor-
relates with the free energies ofthe transi-
tion states of the reactants. The correct
choice of RI reflects the controlling mech-
anism of the reaction family, such as car-
benium ion stability in cracking reactions,
free radical stability in thermal reactions,
or electronic properties of aromatic rings
in hydrogenation reactions (7). Structure-
adsorption relationships have also been
developed for adsorption and poisoning
on catalyst sites (8). In principle, the a
and b parameters and the appropriate RI
can be determined from a limited amount
ofexperimental work. The LFER can then
be used to calculate the rate constant for
any reaction in a large class ofreactions.
The use ofstructure-activity relationships
presumes knowledge of exact molecular
structures. As discussed previously in
detail, this is not the case for most of the
components in petroleum or for the SOL
representation. The structure-activity rela-
tionship must be developed for the isomer
sets that correspond to the individual SOL
components. This information can only be
obtained from detailed analytical examina-
tion of products from kinetic studies on
petroleum mixtures.
Calculating the Properties
of Mixtures
Refinery products must meet certain quality
specifications for combustion properties,
fluid characteristics, or polluting poten-
tial. They include boiling point distribu-
tion, octane number, cetane number,
pour point, aniline point, smoke point,
cloud point, pour point, refractive index,
viscosity, viscosity index, vapor pressure,
surface tension, and sulfur and nitrogen
content. In addition, thermodynamic
properties are required for process engi-
neering calculations and for determining
the extent ofreversible chemical reactions.
Each mixture property is determined by
the collective properties of the mixture's
molecular components. Unfortunately,
individual molecular properties exist only
for a limited number of compounds and
there is little information on the collective
properties of the closely related isomers
defined as an SOL component. A mixture
property can be calculated if a simulated
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Figure 8. Developing complex reaction networks through application of reaction rules.
or measured composition is available and
if a structure-property correlation exists
to estimate the contributions of the indi-
vidual molecules or isomer sets in the
mixture. There are different approaches to
obtaining structure-property correlations.
One approach is to develop a new
correlation for a molecular property using
the molecular class and homologous series
concepts as shown in Figure 9 for boiling
point, specific gravity, and viscosity. The
correlation relies on the property's smooth
variation with carbon number for the
homologous series ofeach molecular class.
The only requirement is the availability of
an extensive database on individual molecu-
lar properties. Fisher (9) surveyed various
algebraic forms to represent physical proper-
ties of n-paraffins as a function ofcarbon
number. Correlations for other molecular
classes and their homologous series can be
developed as a deviation from the n-paraffin
series. With the exception ofthe n-paraffin
series, the homologous series property corre-
lation in SOL must reflect the isomer group
nature ofeach SOL component.
Another approach is to develop or
utilize existing group contribution tech-
niques, particularly for thermodynamic
properties. Examples include Benson
groups (10) for calculating molecular heat
capacity, enthalpy and entropy, and uni-
versal functional activity coefficient groups
(11) for liquid phase activity coefficients.
Properties of molecules are computed as a
sum of the properties of the groups that
compose the molecules. These techniques
generally have group definitions that differ
from SOL and must be mapped to the
SOL increment representation.
A third method for obtaining molecular
properties is to use existing empirical
relationships between molecular properties.
For example, critical properties for equations
of state, including critical temperature,
critical pressure, and the acentric factor,
can be estimated from the boiling point,
molecular weight, and specific gravity of
the molecular components. Many of the
refinery-product-quality properties can
also be obtained from industry-standard
correlations that use these more common
physical properties.
Summary
Models of refinery processes must have
the capability of predicting the yields,
composition, and properties ofvarious prod-
ucts. Lumping schemes with too simplistic a
representation ofpetroleum's composition
and refining chemistry have insufficient
scope and reliability. A molecular-based
approach to modeling is required to
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Figure 9. Correlating molecular properties using molecular class and homologous series concepts. Modified from Quann and Jaffe (3). (A) Boiling point, 760 mm, of homolo-
gous series. (B) Specific gravity of homologous series. (C) Absolute viscosity at 100 and 2001F.
capture the necessary details of mixture
composition, chemistry, and properties. A
molecular-based model of complex mix-
tures can be developed if the following
criteria are satisfied. First, analytical
techniques must provide some level of
detail on the molecular composition and
molecular structure of the mixture. Sec-
ond, a method must be devised to repre-
sent and manipulate the molecular
structure and chemistry ofa large number
of components. Third, sufficient data on
molecular properties must be available to
develop computational methods to estimate
molecular properties. Finally, structure-
activity relationships are required to
estimate the kinetic parameters for a large
number ofreactions.
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